DEXCOM.012A PATENT 
POROUS MEMBRANES FOR USE WITH IMPLANTABLE DEVICES 

Related Application 

[0001] This application claims the benefit of U.S. Provisional Application No. 
60/472,673 filed May 21, 2003. 

Field of the Invention 
[0002] The preferred embodiments relate generally to biointerface membranes 
that can be utilized with implantable devices such as devices for the detection of analyte 
concentrations in a biological sample (e.g., a body), cell transplantation devices, drug 
delivery devices, electrical signal delivering or measuring devices, and/or combinations 
thereof 

Background of the Invention 
[0003] Some medical devices, including implanted analyte sensors, drug delivery 
devices and cell transplantation devices require close vascularization and transport of solutes 
across the device-tissue interface for proper function. These devices generally include a 
biointerface membrane, which encases the device or a portion of the device to prevent access 
by host inflammatory cells, immune cells, or soluble factors to sensitive regions of the 
device. 

[0004] A disadvantage of conventional biointerface membranes is that they often 
stimulate a local inflammatory response, called the foreign body response (FBR), which has 
long been recognized as limiting the function of implanted devices that require solute 
transport. The FBR has been well described in the literature. 

[0005] Fig. 1 is a schematic drawing that illustrates a classical FBR to a 
conventional synthetic membrane 10 implanted under the skin. There are three main layers 
of a FBR. The innermost FBR layer 12, adjacent to the device, is composed generally of 
macrophages and foreign body giant cells 14 (herein referred to as the barrier cell layer). 
These cells form a monolayer of closely opposed cells over the entire surface of a 
microscopically smooth, macroscopically smooth (but microscopically rough), or 
microporous (i.e., less than about 1 jim) membrane. Particularly, it is noted that the 
membrane can be adhesive or non- adhesive to cells, however its relatively smooth surface 
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causes the downward tissue contracture 21 (discussed below) to translate directly to the cells 
at the device-tissue interface 26. The intermediate FBR layer 16 (herein referred to as the 
fibrous zone), lying distal to the first layer with respect to the device, is a wide zone (about 
30-100 microns) composed primarily of fibroblasts 18, contractile fibrous tissue 19 fibrous 
matrixes 20. It is noted that the organization of the fibrous zone, and particularly the 
contractile fibrous tissue 19, contributes to the formation of the monolayer of closely opposed 
cells due to the contractile forces 21 around the surface of the foreign body (e.g., membrane 
10). The outermost FBR layer 22 is loose connective granular tissue containing new blood 
vessels 24 (herein referred to as the vascular zone). Over time, this FBR tissue becomes 
muscular in nature and contracts around the foreign body so that the foreign body remains 
tightly encapsulated. Accordingly, the downward forces 21 press against the tissue-device 
interface 26, and without any counteracting forces, aid in the formation of a barrier cell layer 
14 that blocks and/or refracts the transport of analytes 23 (e.g., glucose) across the tissue- 
device interface 26. 

[0006] A consistent feature of the innermost layers 12, 16 is that they are devoid 
of blood vessels. This has led to widely supported speculation that poor transport of 
molecules across the device-tissue interface 26 is due to a lack of vascularization near the 
interface. See Scharp et ai, World J. Surg., 8:221-229 (1984); and Colton and 
Avgoustiniatos, J. Biomech. Eng., 113:152-170 (1991). Previous efforts to overcome this 
problem have been aimed at increasing local vascularization at the device-tissue interface, but 
have achieved only limited success. 

[0007] Fig. 2 is a schematic view that illustrates a conventional bilayer membrane 
28 that has cell impermeable layers that are adhesive to cells. Although the conventional 
bilayer membrane of this example has allowed some blood vessels 24 to be brought close to 
the implant membrane 28, the cell impenetrable layers are porous and cells 14 are able to 
reach pseudopodia into the interstices (e.g., pores) of the membrane to attach to and/or flatten 
on the membrane, as shown in both Figs. 1 and 2, thereby blocking transport of molecules 
(e.g., glucose) across the membrane-tissue interface 26. 

[0008] This layer of cells 12 forms * a monolayer with closely opposed cells 14 
having tight cell-to-cell junctions, due to cellular attachment and/or contractile forces 21 of 



fibrous tissue 19, for example. When this barrier cell layer forms, it is not substantially 
overcome by increased local vascularization. Although local vascularization aids in 
sustenance of local tissue over time, the barrier cell layer 12 prevents the passage of 
molecules that cannot diffuse through the layer. Again, this is illustrated in Fig. 2 where 
blood vessels can be close to the membrane but analyte transport is significantly reduced due 
to the impermeable nature of the barrier cell layer. For example, when applied to an 
implantable glucose sensor, both glucose and its phosphorylated form do not readily transit 
the cell membrane. Consequently, little glucose reaches the implant membrane through the 
barrier cell layer. 

[0009] The known art purports to increase the local vascularization in order to 
increase solute availability. However, it has been observed that once the monolayer of cells 
(barrier cell layer) is established adjacent to a membrane, increasing angiogenesis is not 
sufficient to increase transport of molecules such as glucose and oxygen across the device- 
tissue interface 26. In fact, the barrier cell layer blocks and/or refracts the analytes 23 from 
transport across the device-tissue interface 26. Materials or membranes employed in 
implantable devices are described in Brauker et al. (U.S. Pat. No. 5,741,330), Seare, Jr. (U.S. 
Pat. No. 5,681,572), and Picha (U.S. Pat. No. 5,564,439). 
Summary of the Invention 

[0010] There is a need for a membrane for implantation in soft tissue that 
supports tissue ingrowth, interferes with and resists barrier cell layer formation, and allows 
the transport of analytes across the membrane. 

[0011] Accordingly, in a first embodiment a biointerface membrane suitable for 
implantation in a soft tissue of an animal is provided, the membrane including: a first 
domain, wherein the first domain supports tissue ingrowth and interferes with barrier cell 
layer formation, wherein the first domain includes a plurality of interconnected cavities and a 
solid portion, and wherein a substantial number of the interconnected cavities are greater than 
or equal to about 90 microns in at least one dimension; and a second domain, wherein the 
second domain allows passage of an analyte, and wherein the second domain is resistant to 
cellular attachment and is impermeable to cells and cell processes. 
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[0012] In an aspect of the first embodiment, the first domain includes a depth of 
greater than one cavity in three dimensions substantially throughout an entirety of the first 
domain. 

[0013] In an aspect of the first embodiment, the cavities and a plurality of cavity 
interconnections are formed in a plurality of layers having different cavity dimensions. 

[0014] In an aspect of the first embodiment, a substantial number, of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 

[0015] In an aspect of the first embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 

[0016] In an aspect of the first embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0017] In an aspect of the first embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0018] In an aspect of the first embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0019] In an aspect of the first embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0020] In an aspect of the first embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 

[0021] In an aspect of the first embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 

[0022] In an aspect of the first embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0023] In an aspect of the first embodiment, a substantial number of the cavities 
are less than or equal to about 500 microns in a longest dimension. 

[0024] In an aspect of the first embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 



[0025] In an aspect of the first embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0026] In an aspect of the first embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0027] In an aspect of the first embodiment, the solid portion includes silicone. 
[0028] In an aspect of the first embodiment, he solid portion includes 
polyurethane. 

[0029] In an aspect of the first embodiment, the solid portion includes a block 
copolymer. 

[0030] In an aspect of the first embodiment, the solid portion includes a material 
selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0031] In an aspect of the first embodiment, the second domain includes a 
biostable material. 

[0032] In an aspect of the first embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 

[0033] In an aspect of the first embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0034] In an aspect of the first embodiment, the second domain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0035] In an aspect of the first embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
polyvinylpyrrolidone. 

[0036] In an aspect of the first embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 



[0037] In an aspect of the first embodiment, the second domain includes a 
silicone copolymer. 

[0038] In an aspect of the first embodiment, the analyte includes glucose. 

[0039] In a second embodiment, a sensor head suitable for use in an implantable 
device is provided, the sensor head including: a biointerface membrane, the biointerface 
membrane including: a first domain, wherein the first domain supports tissue ingrowth and 
interferes with barrier cell layer formation, wherein the first domain includes a plurality of 
interconnected cavities and a solid portion, and wherein a substantial number of the cavities 
are greater than or equal to about 90 microns in at least one dimension; and a second domain, 
wherein the second domain allows passage of an analyte, and wherein the second domain is 
resistant to cellular attachment and is impermeable to cells and cell processes. 

[0040] In an aspect of the second embodiment, the first domain includes a depth 
of greater than one cavity in three dimensions substantially throughout an entirety of the first 
domain. 

[0041] In an aspect of the second embodiment, the cavities and a plurality of 
cavity interconnections are formed in a plurality of layers having different cavity dimensions. 

[0042] In an aspect of the second embodiment, a substantial number of the 
cavities are greater than or equal to about 160 microns in at least one dimension. 

[0043] In an aspect of the second embodiment, a substantial number of the 
cavities are greater than or equal to about 220 microns in at least one dimension. 

[0044] In an aspect of the second embodiment, a substantial number of the 
cavities are greater than or equal to about 285 microns in at least one dimension. 

[0045] In an aspect of the second embodiment, a substantial number of the 
cavities are greater than or equal to about 350 microns in at least one dimension. 

[0046] In an aspect of the second embodiment, a substantial number of the 
cavities are greater than or equal to about 370 microns in at least one dimension. 

[0047] In an aspect of the second embodiment, a substantial number of the 
cavities are from about 90 microns to about 370 microns in at least one dimension. 

[0048] In an aspect of the second embodiment, a substantial number of the 
cavities are from about 220 microns to about 350 microns in at least one dimension. 
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[0049] In an aspect of the second embodiment, a substantial number of the 
cavities are from about 220 microns to about 285 microns in at least one dimension. 

[0050] In an aspect of the second embodiment, a substantial number of the 
cavities are less than or equal to about 1000 microns in a longest dimension. 

[0051] In an aspect of the second embodiment, a substantial number of the 
cavities are less than or equal to about 500 microns in a longest dimension. 

[0052] In an aspect of the second embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0053] In an aspect of the second embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0054] In an aspect of the second embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0055] In an aspect of the second embodiment, the solid portion includes silicone. 
[0056] The sensor head according to claim 29, wherein the solid portion includes 
polyurethane. 

[0057] In an aspect of the second embodiment, the solid portion includes a block 
copolymer. 

[0058] In an aspect of the second embodiment, the solid portion includes a 
material selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0059] In an aspect of the second embodiment, the second domain includes a 
biostable material. 

[0060] In an aspect of the second embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 
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[0061] In an aspect of the second embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0062] In an aspect of the second embodiment, the second domain includes 
greater than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. 
% polyvinylpyrrolidone. 

[0063] In an aspect of the second embodiment, the second domain includes 
greater than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. 
% polyvinylpyrrolidone. 

[0064] In an aspect of the second embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0065] In an aspect of the second embodiment, the second domain includes a 
silicone copolymer. 

[0066] In an aspect of the second embodiment, the analyte includes glucose. 

[0067] In a third embodiment, an analyte measuring device for measuring a 
concentration of an analyte in a body is provided, the device including: a biointerface 
membrane, the biointerface membrane including: a first domain, wherein the first domain 
supports tissue ingrowth and interferes with barrier cell layer formation, wherein the first 
domain includes a plurality of interconnected cavities and a solid portion, and wherein a 
substantial number of the cavities are greater than or equal to about 90 microns in at least one 
dimension; and a second domain, wherein the second domain allows passage of an analyte, 
and wherein the second domain is resistant to cellular attachment and is impermeable to cells 
and cell processes. 

[0068] In an aspect of the third embodiment, the first domain includes a depth of 
greater than one cavity in three dimensions substantially throughout an entirety of the first 
domain. 

[0069] In an aspect of the third embodiment, the cavities and a plurality of cavity 
interconnections are formed in a plurality of layers having different cavity dimensions. 

[0070] In an aspect of the third embodiment, a substantial number of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 
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[0071] In an aspect of the third embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 

[0072] In an aspect of the third embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0073] In an aspect of the third embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0074] In an aspect of the third embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0075] In an aspect of the third embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0076] In an aspect of the third embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 

[0077] In an aspect of the third embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 

[0078] In an aspect of the third embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0079] In an aspect of the third embodiment, a substantial number of the cavities 
are less than or equal to about 500 microns in a longest dimension. 

[0080] In an aspect of the third embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0081] In an aspect of the third embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0082] In an aspect of the third embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 
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[0083] In an aspect of the third embodiment, the solid portion includes silicone. 
[0084] In an aspect of the third embodiment, the solid portion includes 
polyurethane. 

[0085] In an aspect of the third embodiment, the solid portion includes a block 
copolymer. 

[0086] In an aspect of the third embodiment, the solid portion includes a material 
selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0087] In an aspect of the third embodiment, the second domain includes a 
biostable material. 

[0088] In an aspect of the third embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 

[0089] In an aspect of the third embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0090] In an aspect of the third embodiment, the second domeain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0091] In an aspect of the third embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
polyvinylpyrrolidone. 

[0092] In an aspect of the third embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0093] In an aspect of the third embodiment, the second domain includes a 
silicone copolymer. 

[0094] In an aspect of the third embodiment, the device further includes a housing 
and at least one sensor head, wherein the housing includes electronic circuitry; and wherein 
the sensor head is operably connected to the electronic circuitry, wherein the biointerface 
membrane covers the sensor head. 

[0095] In an aspect of the third embodiment, the analyte^ measuring device 
includes a glucose monitoring device. 
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[0096] In a fourth embodiment, an implantable glucose sensor suitable for 
measuring glucose in a biological fluid is provided, the sensor including: a housing and at 
least one sensor head, wherein the housing includes electronic circuitry and wherein the 
sensor head is operably connected to the electronic circuitry, the sensor head including a 
biointerface membrane, the biointerface membrane including: a first domain, wherein the 
first domain supports tissue ingrowth and interferes with barrier cell layer formation, wherein 
the first domain includes a plurality of interconnected cavities and a solid portion, and 
wherein a substantial number of the cavities are greater than or equal to about 90 microns in 
at least one dimension; and a second domain, wherein the second domain allows passage of 
glucose, and wherein the second domain is resistant to cellular attachment and is 
impermeable to cells and cell processes. 

[0097] In an aspect of the fourth embodiment, the first domain includes a depth of 
greater than one cavity in three dimensions substantially throughout an entirety of the first 
domain. 

[0098] In an aspect of the fourth embodiment, the cavities and a plurality of cavity 
interconnections are formed in a plurality of layers having different cavity dimensions. 

[0099] In an aspect of the fourth embodiment, a substantial number of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 

[0100] In an aspect of the fourth embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 

[0101] In an aspect of the fourth embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0102] In an aspect of the fourth embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0103] In an aspect of the fourth embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0104] In an aspect of the fourth embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0105] In an aspect of the fourth embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 
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[0106] In an aspect of the fourth embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 

[0107] In an aspect of the fourth embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0108] In an aspect of the fourth embodiment, a substantial number of the cavities 
are less than or equal to about 500 microns in a longest dimension. 

[0109] In an aspect of the fourth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0110] In an aspect of the fourth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0111] In an aspect of the fourth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0112] In an aspect of the fourth embodiment, the solid portion includes silicone. 
[0113] In an aspect of the fourth embodiment, the solid portion includes 
polyurethane. 

[0114] In an aspect of the fourth embodiment, the solid portion includes a block 
copolymer. 

[0115] In an aspect of the fourth embodiment, the solid portion includes a 
material selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0116] In an aspect of the fourth embodiment, the second domain includes a 
biostable material. 

[0117] In an aspect of the fourth embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 
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[0118] In an aspect of the fourth embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0119] In an aspect of the fourth embodiment, the second domain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0120] In an aspect of the fourth embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
polyvinylpyrrolidone. 

[0121] In an aspect of the fourth embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0122] In an aspect of the fourth embodiment, the second domain includes a 
silicone copolymer. 

[0123] In a fifth embodiment, a biointerface membrane suitable for implantation 
in a soft tissue is provided, the membrane including: a first domain including a plurality of 
interconnected cavities and a solid portion, wherein the first domain has a depth of greater 
than one cavity in three dimensions substantially throughout an entirety of the first domain, 
and wherein the plurality of interconnected cavities and the solid portion of the first domain 
are dimensioned and arranged to redirect fibrous tissue contracture in vivo, thereby interfering 
with barrier cell layer formation within or around the first domain; and a second domain, the 
second domain allowing passage of an analyte, wherein the second domain is resistant to 
cellular attachment and is impermeable to cells and cell processes. 

[0124] In an aspect of the fifth embodiment, a substantial number of the cavities 
are greater than or equal to about 90 microns in at least one dimension. 

[0125] In an aspect of the fifth embodiment, the cavities and a plurality of cavity 
interconnections are formed in a plurality of layers having different cavity dimensions. 

[0126] In an aspect of the fifth embodiment, a substantial number of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 

[0127] In an aspect of the fifth embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 
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[0128] In an aspect of the fifth embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0129] In an aspect of the fifth embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0130] In an aspect of the fifth embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0131] In an aspect of the fifth embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0132] In an aspect of the fifth embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 

[0133] In an aspect of the fifth embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 

[0134] In an aspect of the fifth embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0135] In an aspect of the fifth embodiment, a substantial number of the cavities 
are less than or equal to about 500 microns in a longest dimension. 

[0136] In an aspect of the fifth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0137] In an aspect of the fifth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0138] In an aspect of the fifth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0139] In an aspect of the fifth embodiment, the solid portion includes silicone. 
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[0140] In an aspect of the fifth embodiment, the solid portion includes 
polyurethane. 

[0141] In an aspect of the fifth embodiment, the solid portion includes a block 
copolymer. 

[0142] In an aspect of the fifth embodiment, the solid portion includes a material 
selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0143] In an aspect of the fifth embodiment, the second domain includes a 
biostable material. 

[0144] In an aspect of the fifth embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 

[0145] In an aspect of the fifth embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0146] In an aspect of the fifth embodiment, the second domain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0147] In an aspect of the fifth embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
po lyvinylpyrrolidone . 

[0148] In an aspect of the fifth embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0149] In an aspect of the fifth embodiment, the second domain includes a 
silicone copolymer. 

[0150] In an aspect of the fifth embodiment, the analyte includes glucose. 

[0151] In a sixth embodiment, a membrane suitable for implantation in a soft 
tissue is provided, the membrane including: a first domain, the first domain including a 
plurality of interconnected cavities and a solid portion; and a second domain, the second 
domain allowing the passage of an analyte, wherein the second domain is resistant to cellular 
attachment and is impermeable to cells and cell processes, wherein the plurality of 
interconnected cavities and solid portion of the first domain are dimensioned and arranged to 
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create a contractile force directed against the solid portion that counteracts a generally 
uniform downward fibrous tissue, contracture caused by a foreign body response in vivo, 
thereby interfering with barrier cell layer formation proximal to the second domain. 

[0152] In an aspect of the sixth embodiment, a substantial number of the cavities 
are greater than or equal to about 90 microns in at least one dimension. 

[0153] In an aspect of the sixth embodiment, the cavities and a plurality of cavity 
interconnections are formed in a plurality of layers having different cavity dimensions. 

[0154] In an aspect of the sixth embodiment, a substantial number of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 

[0155] In an aspect of the sixth embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 

[0156] In an aspect of the sixth embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0157] In an aspect of the sixth embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0158] In an aspect of the sixth embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0159] In an aspect of the sixth embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0160] In an aspect of the sixth embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 

[0161] In an aspect of the sixth embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 

[0162] In an aspect of the sixth embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0163] In an aspect of the sixth embodiment, a substantial number of the cavities 
are less than or equal to about 500 microns in a longest dimension. 

[0164] In an aspect of the sixth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
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substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0165] In an aspect of the sixth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0166] In an aspect of the sixth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0167] In an aspect of the sixth embodiment, the solid portion includes silicone. 
[0168] In an aspect of the sixth embodiment, the solid portion includes 
, polyurethane. 

[0169] In an aspect of the sixth embodiment, the solid portion includes a block 
copolymer. 

[0170] In an aspect of the sixth embodiment, the solid portion includes a material 
selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0171] In an aspect of the sixth embodiment, the second domain includes a 
biostable material. 

[0172] In an aspect of the sixth embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 

[0173] In an aspect of the sixth embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0174] In an aspect of the sixth embodiment, the second domain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0175] In an aspect of the sixth embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
polyvinylpyrrolidone. 
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[0176] In an aspect of the sixth embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0177] In an aspect of the sixth embodiment, the second domain includes a 
silicone copolymer. 

[0178] In an aspect of the sixth embodiment, the analyte includes glucose. 

[0179] In a seventh embodiment, a method of monitoring an analyte level is 
provided, the method including the steps of: providing an implantable device configured to 
monitor an analyte level, the implantable device including a biointerface membrane, wherein 
the biointerface membrane includes: a first domain, wherein the first domain includes a 
plurality of interconnected cavities and a solid portion, wherein the plurality of 
interconnected cavities and solid portion of the first domain are dimensioned and arranged to 
create a contractile force directed against the solid portion that counteracts a generally 
uniform downward fibrous tissue contracture caused by a foreign body response in vivo, 
thereby interfering with barrier cell layer formation within or around the first domain; and a 
second domain, the second domain allowing the passage of an analyte, wherein the second 
domain is resistant to cellular attachment and is impermeable to cells and cell processes; 
implanting the implantable device in the host; and monitoring an analyte level. 

[0180] In an aspect of the seventh embodiment, the step of implanting includes 
subcutaneously implanting. 

[0181] In an aspect of the seventh embodiment, the step of implanting includes 
intramuscular implanting. 

[0182] In an aspect of the seventh embodiment, the step of implanting includes 
intraperotoneal implanting. 

[0183] In an aspect of the seventh embodiment, the step of implanting includes 
intrafascial implanting. 

[0184] In an aspect of the seventh embodiment, the step of implanting includes 
implanting in an axillary region. 

[0185] In an aspect of the seventh embodiment, the step of implanting includes 
implanting in soft tissue. 
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[0186] In an aspect of the seventh embodiment, the solid portion includes 
silicone. 

[0187] The method according to claim 169, wherein the solid portion includes 
polyurethane. 

[0188] In an aspect of the seventh embodiment, the solid portion includes a block 
copolymer. 

[0189] In an aspect of the seventh embodiment, the solid portion includes a 
material selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefm, polyester, and polycarbonate. 

[0190] In an aspect of the seventh embodiment, the second domain includes a 
biostable material. 

[0191] In an aspect of the seventh embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 

[0192] In an aspect of the seventh embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0193] In an aspect of the seventh embodiment, the second domain includes 
greater than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. 
% polyvinylpyrrolidone. 

[0194] In an aspect of the seventh embodiment, the second domain includes 
greater than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. 
% polyvinylpyrrolidone. 

[0195] In an aspect of the seventh embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0196] In an aspect of the seventh embodiment, the second domain includes a 
silicone copolymer. 

[0197] In an aspect of the seventh embodiment, the analyte includes glucose. 

[0198] In an eighth embodiment, a method of monitoring an analyte level is 
provided, the method including the steps of: providing an implantable device, the implantable 
device including a housing and at least one sensor head, the housing including electronic 
circuitry, wherein the sensor head is operably connected to the electronic circuitry, the sensor 
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head including a biointerface membrane, the biointerface membrane including: a first 
domain, wherein the first domain supports tissue ingrowth and interferes with barrier cell 
layer formation, wherein the first domain includes a plurality of interconnected cavities and a 
solid portion, and wherein a substantial number of the cavities are greater than or equal to 
about 90 microns in at least one dimension; and a second domain, the second domain 
allowing passage of an analyte, wherein the second domain is resistant to cellular attachment 
and is impermeable to cells and cell processes; implanting the implantable device in a host; 
and monitoring an analyte level. 

[0199] In an aspect of the eighth embodiment, the step of implanting includes 
subcutaneously implanting. 

[0200] In an aspect of the eighth embodiment, the first domain includes a depth of 
greater than one cavity in three dimensions substantially throughout an entirety of the first 
domain. 

[0201] In an aspect of the eighth embodiment, the cavities and a plurality of 
cavity interconnections are formed in a plurality of layers having different cavity dimensions. 

[0202] In an aspect of the eighth embodiment, a substantial number of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 

[0203] In an aspect of the eighth embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 

[0204] In an aspect of the eighth embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0205] In an aspect of the eighth embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0206] In an aspect of the eighth embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0207] In an aspect of the eighth embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0208] In an aspect of the eighth embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 
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[0209] In an aspect of the eighth embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 

[0210] In an aspect of the eighth embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0211] In an aspect of the eighth embodiment, a substantial number of the cavities 
, are less than or equal to about 500 microns in a longest dimension. 

[0212] In an aspect of the eighth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0213] In an aspect of the eighth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0214] In an aspect of the eighth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0215] In an aspect of the eighth embodiment, the solid portion includes silicone. 
[0216] In an aspect of the eighth embodiment, the solid portion includes 
polyurethane. 

[0217] In an aspect of the eighth embodiment, the solid portion includes a block 
copolymer. 

[0218] In an aspect of the eighth embodiment, the solid portion includes a 
material selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefm, polyester, and polycarbonate. 

[0219] In an aspect of the eighth embodiment, the second domain includes a 
biostable material. 

[0220] In an aspect of the eighth embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 
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[0221] In an aspect of the eighth embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 

[0222] In an aspect of the eighth embodiment, the second domain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0223] In an aspect of the eighth embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
polyvinylpyrrolidone. 

[0224] In an aspect of the eighth embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0225] In an aspect of the eighth embodiment, the second domain includes a 
silicone copolymer. 

[0226] In an aspect of the eighth embodiment, the analyte includes glucose. 

[0227] In a ninth embodiment, a method of measuring an analyte in a biological 
fluid is provided, the method including: providing an implantable device capable of accurate 
continuous analyte sensing, the implantable device including a housing and at least one 
sensor head, the housing including electronic circuitry, wherein the sensor head is operably 
connected to the electronic circuitry, the sensor head including a biointerface membrane, 
wherein the biointerface membrane includes: a first domain, wherein the first domain 
supports tissue ingrowth and interferes with barrier cell layer formation, wherein the first 
domain includes a plurality of interconnected cavities and a solid portion, and wherein a 
substantial number of the cavities are greater than or equal to about 90 microns in at least one 
dimension; and a second domain, the second domain allowing passage of an analyte, wherein 
the second domain is resistant to cellular attachment and is impermeable to cells and cell 
processes; implanting the device in a host; and measuring an analyte in a biological fluid. 

[0228] In an aspect of the ninth embodiment, the step of implanting includes 
subcutaneously implanting. 

[0229] In an aspect of the ninth embodiment, the step of implanting includes 
intramuscular implanting. 
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[0230] In an aspect of the ninth embodiment, the step of implanting includes 
intraperotoneal implanting. 

[0231] In an aspect of the ninth embodiment, the step of implanting includes 
intrafascial implanting. 

[0232] In an aspect of the ninth embodiment, the step of implanting includes 
implanting in an axillary region. 

[0233] In an aspect of the ninth embodiment, the step of implanting includes 
implanting in soft tissue. 

[0234] In an aspect of the ninth embodiment, the first domain includes a depth of 
greater than one cavity in three dimensions substantially throughout an entirety of the first 
domain. 

[0235] In an aspect of the ninth embodiment, the cavities and a plurality of cavity 
interconnections are formed in a plurality of layers having different cavity dimensions. 

[0236] In an aspect of the ninth embodiment, a substantial number of the cavities 
are greater than or equal to about 160 microns in at least one dimension. 

[0237] In an aspect of the ninth embodiment, a substantial number of the cavities 
are greater than or equal to about 220 microns in at least one dimension. 

[0238] In an aspect of the ninth embodiment, a substantial number of the cavities 
are greater than or equal to about 285 microns in at least one dimension. 

[0239] In an aspect of the ninth embodiment, a substantial number of the cavities 
are greater than or equal to about 350 microns in at least one dimension. 

[0240] In an aspect of the ninth embodiment, a substantial number of the cavities 
are greater than or equal to about 370 microns in at least one dimension. 

[0241] In an aspect of the ninth embodiment, a substantial number of the cavities 
are from about 90 microns to about 370 microns in at least one dimension. 

[0242] In an aspect of the ninth embodiment, a substantial number of the cavities 
are from about 220 microns to about 350 microns in at least one dimension. 

[0243] In an aspect of the ninth embodiment, a substantial number of the cavities 
are from about 220 microns to about 285 microns in at least one dimension. 
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[0244] In an aspect of the ninth embodiment, a substantial number of the cavities 
are less than or equal to about 1000 microns in a longest dimension. 

[0245] In an aspect of the ninth embodiment, a substantial number of the cavities 
are less than or equal to about 500 microns in a longest dimension. 

[0246] In an aspect of the ninth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 5 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 2000 microns. 

[0247] In an aspect of the ninth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 1000 microns. 

[0248] In an aspect of the ninth embodiment, a substantial number of shortest 
dimensions of the solid portion are greater than or equal to about 10 microns and wherein a 
substantial number of longest dimensions of the solid portion are greater than or equal to 
about 400 microns. 

[0249] In an aspect of the ninth embodiment, the solid portion includes silicone. 
[0250] In an aspect of the ninth embodiment, the solid portion includes 
polyurethane. 

[0251] In an aspect of the ninth embodiment, the solid portion includes a block 
copolymer. 

[0252] In an aspect of the ninth embodiment, the solid portion includes a material 
selected from the group consisting of polytetrafluoroethylene, polyethylene-co- 
tetrafluoroethylene, polyolefin, polyester, and polycarbonate. 

[0253] In an aspect of the ninth embodiment, the second domain includes a 
biostable material. 

[0254] In an aspect of the ninth embodiment, the biostable material includes 
polyurethane and a hydrophilic polymer. 

[0255] In an aspect of the ninth embodiment, the biostable material includes 
polyurethane and polyvinylpyrrolidone. 
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[0256] In an aspect of the ninth embodiment, the second domain includes greater 
than or equal to about 5 wt. % polyurethane and greater than or equal to about 45 wt. % 
polyvinylpyrrolidone. 

[0257] In an aspect of the ninth embodiment, the second domain includes greater 
than or equal to about 20 wt. % polyurethane and greater than or equal to about 35 wt. % 
polyvinylpyrrolidone. 

[0258] In an aspect of the ninth embodiment, the second domain includes 
polyurethane and about 27 wt. % polyvinylpyrrolidone. 

[0259] In an aspect of the ninth embodiment, the second domain includes a 
silicone copolymer. 

[0260] In an aspect of the ninth embodiment, the analyte includes glucose. 
Brief Description of the Drawings 

[0261] Fig. 1 is an illustration of classical three-layered foreign body response to a 
conventional synthetic membrane implanted under the skin. 

[0262] Fig. 2 is an illustration of a conventional membrane enabling increased 
neovascularization within the intermediary layer of the foreign body response, however 
showing a barrier cell layer that limits the transport of analytes. 

[0263] Fig. 3A is an illustration of a membrane in one embodiment that enables 
vascularization of the first domain without cell adhesion to the second domain. 

[0264] Fig. 3B is an illustration of the membrane of Fig. 3A showing contractile 
forces cause by the fibrous tissue of the FBR. 

[0265] Fig. 4 is a three-dimensional section of the first domain in the embodiment 
of Figs. 3 A and 3B, which shows the solid portions and cavities and their dimensions. 

[0266] Fig. 5 is a two-dimensional cross-section of the first domain, taken at a 
plane through the three-dimensional section of Fig. 4, which shows the solid portions and 
cavities and their dimensions. 

[0267] Fig. 6 is an illustration of a biointerface membrane comprising porous 
silicone in one embodiment. 

[0268] Fig. 7A is a photomicrograph at 10X magnification of a porous silicone 
membrane that has an approximately 90-micron nominal cavity size. 
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[0269] Fig. 7B is a photomicrograph at 10X magnification of a porous silicone 
membrane that has an approximately 220-micron nominal cavity size. 

[0270] Fig. 8 is a graph that illustrates the number of blood vessels per high- 
powered field in vivo of the porous silicone membranes of Figs. 7A and 7B. 

[0271] Fig. 9 A is an exploded perspective view of a glucose sensor that has a 
biointerface membrane in one embodiment. 

[0272] Fig. 9B is a cross-sectional cut-away view of the sensor head and 
membrane of Fig. 9A showing the enzymatic and electrochemical reaction that takes place 
within the membrane and sensor head. 

[0273] Figs. 10A and 10B are graphs that show the results of an experiment 
wherein the porous silicone membranes such as described with reference to Figs. 6 and 7 
were placed on implantable glucose sensors such as described with reference to Fig. 9, and 
implanted in streptozocin-induced diabetic rats. Fig. 10A shows the average R- values 
(vertical axis) for each group versus time in days (horizontal axis). Fig. 1 0B is a graph that 
illustrates average sensor signal strength with respect to glucose concentration (i.e., 
sensitivity) on the vertical axis versus time in days on the horizontal axis for the ITS. 

[0274] Fig. 11 is a graph that shows the results of an experiment comparing 
sensor function of a sensor employing a prior art ePTFE biointerface with a sensor employing 
a porous silicone biointerface of the preferred embodiments. 
Detailed Description 

[0275] The following description and examples illustrate some exemplary 
embodiments of the disclosed invention in detail. Those of skill in the art will recognize that 
there are numerous variations and modifications of this invention that are encompassed by its 
scope. Accordingly, the description of a certain exemplary embodiment should not be 
deemed to limit the scope of the present invention. 
Definitions 

[0276] In order to facilitate an understanding of the preferred embodiments, a 
number of terms are defined below. 

[0277] The term "biointerface membrane" as used herein is a broad term and is 
used in its ordinary sense, including, without limitation, a permeable membrane that 
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functions as a device-tissue interface comprised of two or more domains. In some 
embodiments, the biointerface membrane is composed of two domains. The first domain 
supports tissue ingrowth, interferes with barrier cell layer formation, and includes an open 
cell configuration having cavities and a solid portion. The second domain is resistant to 
cellular attachment and impermeable to cells (e.g., macrophages). The biointerface 
membrane is made of biostable materials and can be constructed in layers, uniform or non- 
uniform gradients (i.e., anisotropic), or in a uniform or non-uniform cavity size configuration. 

[0278] The term "domain" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, regions of the biointerface membrane that can 
be layers, uniform or non-uniform gradients (i.e., anisotropic) or provided as portions of the 
membrane. 

[0279] The term "barrier cell layer" as used herein is a broad term and is used in 
its ordinary sense, including, without limitation, a cohesive monolayer of cells (e.g., 
macrophages and foreign body giant cells) that substantially block the transport of molecules 
across the second domain and/or membrane. 

[0280] The term "cellular attachment", as used herein is a broad term and is used 
in its ordinary sense, including, without limitation, adhesion of cells and/or cell processes to a 
material at the molecular level, and/or attachment of cells and/or cell processes to micro- (or 
macro-) porous material surfaces. One example of a material used in the prior art that allows 
cellular attachment due to porous surfaces is the BIOPORE™ cell culture support marketed 
by Millipore (Bedford, MA) (see Brauker '330, supra). 

[0281] The phrase "distal to" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, the spatial relationship between various 
elements in comparison to a particular point of reference. For example, some embodiments 
of a device include a biointerface membrane having a cell disruptive domain and a cell 
impermeable domain. If the sensor is deemed to be the point of reference and the cell 
disruptive domain is positioned farther from the sensor, then that domain is distal to the 
sensor. 

[0282] The term "proximal to" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, the spatial relationship between various 
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elements in comparison to a particular point of reference. For example, some embodiments 
of a device include a biointerface membrane having a cell disruptive domain and a cell 
impermeable domain. If the sensor is deemed to be the point of reference and the cell 
impermeable domain is positioned nearer to the sensor, then that domain is proximal to the 
sensor. 

[0283] The term "cell processes" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, pseudopodia of a cell. 

[0284] The term "solid portions" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, a solid material having a mechanical structure 
that demarcates the cavities, voids, or other non-solid portions. 

[0285] The term "substantial" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, an amount greater than 50 percent. 

[0286] The term "co-continuous" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, a solid portion wherein an unbroken curved line 
in three dimensions exists between any two points of the solid portion. 

[0287] The term "biostable" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, materials that are relatively resistant to 
degradation by processes that are encountered in vivo. 

[0288] The term "sensor" as used herein is a broad term and is used in its ordinary 
sense, including, without limitation, the component or region of a device by which an analyte 
can be quantified. 

[0289] The term "analyte" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, to refer to a substance or chemical constituent 
in a biological fluid (for example, blood, interstitial fluid, cerebral spinal fluid, lymph fluid or 
urine) that can be analyzed. Analytes can include naturally occurring substances, artificial 
substances, metabolites, and/or reaction products. In some embodiments, the analyte for 
measurement by the sensor heads, devices, and methods is glucose. However, other analytes 
are contemplated as well, including but not limited to acarboxyprothrombin; acylcarnitine; 
adenine phosphoribosyl transferase; adenosine deaminase; albumin; alpha- fetoprotein; amino 
acid profiles (arginine (Krebs cycle), histidine/urocanic acid, homocysteine, 
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phenylalanine/tyrosine, tryptophan); andrenostenedione; antipyrine; arabinitol enantiomers; 
arginase; benzoylecgonine (cocaine); biotinidase; biopterin; c-reactive protein; carnitine; 
carnosinase; CD4; ceruloplasmin; chenodeoxycholic acid; chloroquine; cholesterol; 
cholinesterase; conjugated 1-B hydroxy-cholic acid; Cortisol; creatine kinase; creatine kinase 
MM isoenzyme; cyclosporin A; d-penicillamine; de-ethylchloroquine; 
dehydroepiandrosterone sulfate; DNA (acetylator polymorphism, alcohol dehydrogenase, 
alpha 1 -antitrypsin, cystic fibrosis, Duchenne/Becker muscular dystrophy, glucoses- 
phosphate dehydrogenase, hemoglobinopathies, A,S,C,E, D-Punjab, beta- thalassemia, 
hepatitis B virus, HCMV, HIV-1, HTLV-1, Leber hereditary optic neuropathy, MCAD, RNA, 
PKU, Plasmodium vivax, sexual differentiation, 21-deoxycortisol); desbutylhalofantrine; 
dihydropteridine reductase; diptheria/tetanus antitoxin; erythrocyte arginase; erythrocyte 
protoporphyrin; esterase D; fatty acids/acylglycines; free 13-human chorionic gonadotropin; 
free erythrocyte porphyrin; free thyroxine (FT4); free tri-iodothyronine (FT3); 
fumarylacetoacetase; galactose/gal- 1 -phosphate; galactose- 1 -phosphate uridyltransferase; 
gentamicin; glucose-6-phosphate dehydrogenase; glutathione; glutathione perioxidase; 
glycocholic acid; glycosylated hemoglobin; halofantrine; hemoglobin variants; 
hexosaminidase A; human erythrocyte carbonic anhydrase I ; 17 alpha-hydroxyprogesterone; 
hypoxanthine phosphoribosyl transferase; immunoreactive trypsin; lactate; lead; lipoproteins 
((a), B/A-l, B); lysozyme; mefloquine; netilmicin; phenobarbitone; phenytoin; 
phytanic/pristanic acid; progesterone; prolactin; prolidase; purine nucleoside phosphorylase; 
quinine; reverse tri-iodothyronine (rT3); selenium; serum pancreatic lipase; sissomicin; 
somatomedin C; specific antibodies (adenovirus, anti -nuclear antibody, anti-zeta antibody, 
arbovirus, Aujeszky's disease virus, dengue virus, Dracunculus medinensis, Echinococcus 
granulosus, Entamoeba histolytica, enterovirus, Giardia duodenalisa, Helicobacter pylori, 
hepatitis B virus, herpes virus, HIV-1, IgE (atopic disease), influenza virus, Leishmania 
donovani, leptospira, measles/mumps/rubella, Mycobacterium leprae, Mycoplasma 
pneumoniae, Myoglobin, Onchocerca volvulus, parainfluenza virus, Plasmodium falciparum, 
poliovirus, Pseudomonas aeruginosa, respiratory syncytial virus, rickettsia (scrub typhus), 
Schistosoma mansoni, Toxoplasma gondii, Trepenoma pallidium, Trypanosoma 
cruzi/rangeli, vesicular stomatis virus, Wuchereria bancrofti, yellow fever virus); specific 
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antigens (hepatitis B virus, HIV-1); succinylacetone; sulfadoxine; theophylline; thyrotropin 
(TSH); thyroxine (T4); thyroxine-binding globulin; trace elements; transferrin; UDP- 
galactose-4-epimerase; urea; uroporphyrinogen I synthase; vitamin A; white blood cells; and 
zinc protoporphyrin. Salts, sugar, protein, fat, vitamins and hormones naturally occurring in 
blood or interstitial fluids can also constitute analytes in certain embodiments. The analyte 
can be naturally present in the biological fluid, for example, a metabolic product, a hormone, 
an antigen, an antibody, and the like. Alternatively, the analyte can be introduced into the 
body, for example, a contrast agent for imaging, a radioisotope, a chemical agent, a 
fluorocarbon-based synthetic blood, or a drug or pharmaceutical composition, including but 
not limited to insulin; ethanol; cannabis (marijuana, tetrahydrocannabinol, hashish); inhalants 
(nitrous oxide, amyl nitrite, butyl nitrite, chlorohydrocarbons, hydrocarbons); cocaine (crack 
cocaine); stimulants (amphetamines, methamphetamines, Ritalin, Cylert, Preludin, Didrex, 
PreState, Voranil, Sandrex, Plegine); depressants (barbituates, methaqualone, tranquilizers 
such as Valium, Librium, Miltown, Serax, Equanil, Tranxene); hallucinogens (phencyclidine, 
lysergic acid, mescaline, peyote, psilocybin); narcotics (heroin, codeine, morphine, opium, 
meperidine, Percocet, Percodan, Tussionex, Fentanyl, Darvon, Talwin, Lomotil); designer 
drugs (analogs of fentanyl, meperidine, amphetamines, methamphetamines, and 
phencyclidine, for example, Ecstasy); anabolic steroids; and nicotine. The metabolic 
products of drugs and pharmaceutical compositions are also contemplated analytes. Analytes 
such as neurochemicals and other chemicals generated within the body can also be analyzed, 
such as, for example, ascorbic acid, uric acid, dopamine, noradrenaline, 3-methoxytyramine 
(3MT), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5- 
hydroxytryptamine (5HT), and 5-hydroxyindoleacetic acid (FHIAA). 

[0290] The terms "operably connected 55 and "operably linked 55 as used herein are 
broad terms and are used in their ordinary sense, including, without limitation, one or more 
components being linked to another components) in a manner that allows transmission of 
signals between the components. For example, one or more electrodes can be used to detect 
the amount of analyte in a sample and convert that information into a signal; the signal can 
then be transmitted to a circuit. In this case, the electrode is "operably linked 55 to the 
electronic circuitry. 
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[0291] The term "electronic circuitry" as used herein is a broad term and is used 
in its ordinary sense, including, without limitation, the components of a device required to 
process biological information obtained from a host. In the case of an analyte-measuring 
device, the biological information is obtained by a sensor regarding a particular analyte in a 
biological fluid, thereby providing data regarding the amount of that analyte in the fluid. U.S. 
Patent Nos. 4,757,022, 5,497,772 and 4,787,398 describe suitable electronic circuit means 
that can be utilized with devices including the biointerface membrane of a preferred 
embodiment. 

[0292] The phrase "member for determining the amount of glucose in a biological 
sample" as used herein is a broad term and is used in its ordinary sense, including, without 
limitation, any mechanism (e.g., enzymatic or non-enzymatic) by which glucose can be 
quantified. For example, some embodiments utilize a membrane that contains glucose 
oxidase that catalyzes the conversion of oxygen and glucose to hydrogen peroxide and 
gluconate: 

Glucose + O2 -^Gluconate + H2O2 
Because for each glucose molecule metabolized, there is a proportional change in the co- 
reactant 0 2 and the product H 2 0 2 , one can monitor the current change in either the co- 
reactant or the product to determine glucose concentration. 

[0293] The term "host" as used herein is a broad term and is used in its ordinary 
sense, including, without limitation, mammals, particularly humans. 

[0294] The term "R-value" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, one conventional way of summarizing the 
correlation (or association) between two types of data; that is, a statement of what residuals 
(e.g., root mean square deviations) are to be expected if the data are fitted to a straight line by 
the a regression. 

[0295] The phrase "continuous (or continual) analyte sensing" as used herein is a 
broad term and is used in its ordinary sense, including, without limitation, the period in which 
monitoring of analyte concentration is continuously, continually, and or intermittently (but 
regularly) performed, for example, about every 5 to 10 minutes. 
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[0296] The term "sensor head" as used herein is a broad term and is used in its 
ordinary sense, including, without limitation, the region of a monitoring device responsible 
for the detection of a particular analyte. The sensor head generally comprises a non- 
conductive body, a working electrode (anode), a reference electrode and a counter electrode 
(cathode) passing through and secured within the body forming an electrochemically reactive 
surface at one location on the body and an electronic connective means at another location on 
the body, and a multi-region membrane affixed to the body and covering the 
electrochemically reactive surface. The counter electrode has a greater electrochemically 
reactive surface area than the working electrode. During general operation of the sensor a 
biological sample (e.g., blood or interstitial fluid) or a portion thereof contacts (directly or 
after passage through one or more membranes or domains) an enzyme (e.g., glucose oxidase); 
the reaction of the biological sample (or portion thereof) results in the formation of reaction 
products that allow a determination of the analyte (e.g., glucose) level in the biological 
sample. In some embodiments, the multi-region membrane further comprises an enzyme 
domain (e.g., and enzyme layer), and an electrolyte phase (i.e., a free-flowing liquid phase 
comprising an electrolyte-containing fluid described further below). 

[0297] The term "electrochemically reactive surface" as used herein is a broad 
term and is used in its ordinary sense, including, without limitation, the surface of an 
electrode where an electrochemical reaction takes place. In the case of the working electrode, 
the hydrogen peroxide produced by the enzyme catalyzed reaction of the analyte being 
detected reacts creating a measurable electronic current (e.g., detection of glucose analyte 
utilizing glucose oxidase produces H 2 0 2 peroxide as a by product, H 2 0 2 reacts with the 
surface of the working electrode producing two protons (2H + ), two electrons (2e") and one 
molecule of oxygen (0 2 ) which produces the electronic current being detected). In the case 
of the counter electrode, a reducible species, e.g., 0 2 is reduced at the electrode surface in 
order to balance the current being generated by the working electrode. 

[0298] The term "electronic connection" as used herein is a broad term and is 
used in its ordinary sense, including, without limitation, any electronic connection known to 
those in the art that can be utilized to interface the sensor head electrodes with the electronic 
circuitry of a device such as mechanical (e.g., pin and socket) or soldered. 
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[0299] The term "sensing membrane" as used herein is a broad term and is used 
in its ordinary sense, including, without limitation, a permeable or semi-permeable membrane 
that can comprise one or more domains and constructed of materials of a few microns 
thickness or more, which are permeable to oxygen and may or may not be permeable to an 
analyte of interest. In one example, the sensing membrane comprises an immobilized 
glucose oxidase enzyme, which enables an electrochemical reaction to occur to measure a 
concentration of glucose. 

[0300] The phrase "distal" and "distant from" as used herein are broad terms and 
are used in their ordinary sense, including, without limitation, the spatial relationship 
between various elements in comparison to a particular point of reference. For example, 
some embodiments of a biological fluid measuring device comprise a multi-region membrane 
that can be comprised of a number of domains. If the electrodes of the sensor head are 
deemed to be the point of reference, and one of the multi-region membrane domains is 
positioned farther from the electrodes, than that domain is distant from the electrodes. 

[0301] The term "oxygen antenna domain" as used herein is a broad term and is 
used in its ordinary sense, including, without limitation, a domain composed of a material 
that has higher oxygen solubility than aqueous media so that it concentrates oxygen from the 
biological fluid surrounding the biointerface membrane. The domain can then act as an 
oxygen reservoir during times of minimal oxygen need and has the capacity to provide on 
demand a higher oxygen gradient to facilitate oxygen transport across the membrane. This 
enhances function in the enzyme reaction domain and at the counter electrode surface when 
glucose conversion to hydrogen peroxide in the enzyme domain consumes oxygen from the 
surrounding domains. Thus, this ability of the oxygen antenna domain to apply a higher flux 
of oxygen to critical domains when needed improves overall sensor function. 

[0302] The following abbreviations apply herein: Eq and Eqs (equivalents); mEq 
(milliequivalents); M (molar); mM (millimolar) \iM (micromolar); N (Normal); mol (moles); 
mmol (millimoles); jimol (micromoles); nmol (nanomoles); g (grams); mg (milligrams); ng 
(micrograms); Kg (kilograms); L (liters); mL (milliliters); dL (deciliters); )iL (microliters); 
cm (centimeters); mm (millimeters); |im (micrometers); nm (nanometers); h and hr (hours); 
min. (minutes); s and sec. (seconds); and °C (degrees Centigrade). 
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Overview 

[0303] Biointerface membranes and their use with implantable devices in a 
biological fluid are employed in the preferred embodiments. For example, the biointerface 
membranes can be utilized with implantable devices and methods for monitoring and 
determining analyte levels in a biological fluid, such as measurement of glucose levels for 
individuals having diabetes. 

[0304] Although much of the description that follows is directed at glucose 
monitoring devices including the described biointerface membranes and methods for their 
use, these biointerface membranes are not limited to use in devices that measure or monitor 
glucose. Rather, these biointerface membranes can be applied to a variety of devices, 
including for example, those that detect and quantify other analytes present in biological 
fluids (including, but not limited to, cholesterol, amino acids, and lactate), especially those 
analytes that are substrates for oxidase enzymes (U.S. Patent No. 4,703,756), cell 
transplantation devices (U.S. Pat. Nos. 6,015,572, 5,964,745, and 6,083,523), drug delivery 
devices (U.S. Pat. Nos. 5,458,631, 5,820,589, and 5,972,369) and electrical delivery and/or 
measuring devices such as implantable pulse generation cardiac pacing devices (U.S. Pat. 
Nos. 6,157,860, 5,782,880, and 5,207,218), electrocardiogram device (U.S. Pat. Nos. 
4,625,730 and 5,987,352) and electrical nerve stimulating devices (U.S. Pat Nos. 6,175,767, 
6,055,456, and 4,940,065). One further example includes not only utilizing the biointerface 
membranes for transplanted cells, e.g., transplanted genetic engineered cells of Langerhans, 
either alio, auto or xeno type as pancreatic beta cells to increase the diffusion of nutrients to 
the islets, but additionally utilizing a biosensor to sense glucose in the tissues of the patient to 
monitor the viability of the implanted cells. 

[0305] Implantable devices for detecting analyte concentrations in a biological 
system can utilize the biointerface membranes of the preferred embodiments to interfere with 
the formation of a barrier cell layer, thereby assuring that the sensor receives analyte 
concentrations representative of that in the vasculature. Drug delivery devices can utilize the 
biointerface membranes of the preferred embodiments to protect the drug housed within the 
device from host inflammatory or immune cells that might potentially damage or destroy the 
drug. In addition, the biointerface membrane prevents the formation of a barrier cell layer 
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that might interfere with proper dispensing of drug from the device for treatment of the host. 
Correspondingly, cell transplantation devices can utilize the biointerface membranes of the 
preferred embodiments to protect the transplanted cells from attack by the host inflammatory 
or immune response cells while simultaneously allowing nutrients as well as other 
biologically active molecules needed by the cells for survival to diffuse through the 
membrane. 

[0306] The materials contemplated for use in preparing the biointerface 
membrane also eliminate or significantly delay biodegradation. This is important for devices 
that continuously measure analyte concentrations, deliver drugs, and/or for cell 
transplantation devices, for example. As one example, in a glucose-measuring device, the 
electrode surfaces of the glucose sensor are in contact with (or operably connected with) a 
thin electrolyte phase, which in turn is covered by a membrane that contains .an enzyme, e.g., 
glucose oxidase, and a polymer system, such as described in U.S. Published Patent 
Application 2003/0032874, which is incorporated herein in its entirety. In this example, the 
biointerface membrane covers this enzyme membrane and serves, in part, to protect the 
sensor from external forces and factors that can result in biodegradation. By significantly 
delaying biodegradation at the sensor, accurate data can be collected over long periods of 
time (e.g., months to years). Correspondingly, biodegradation of the biointerface membrane 
of implantable cell transplantation devices and drug delivery devices can allow host 
inflammatory and immune cells to enter these devices, thereby compromising long-term 
function. 

Nature of the Foreign Body Response 

[0307] Devices and probes that are implanted into subcutaneous tissue typically 
elicit a foreign body response (FBR), which forms a foreign body capsule (FBC), as part of 
the body's response to the introduction of a foreign material. That is, implantation of a 
device (e.g., a glucose sensor) results in an acute inflammatory reaction followed by building 
of fibrotic tissue such as described in more detail in the background section, above. 
Ultimately, a mature FBC including primarily a vascular fibrous tissue forms around the 
device. See Shanker and Greisler, Inflammation and Biomaterials in Greco RS, ed., 
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"Implantation Biology: The Host Response and Biomedical Devices" pp 68-80, CRC Press 
(1994). 

[0308] The FBC around conventional membranes precludes the transport of 
analytes across the device-tissue interface. Thus, a collection of reliable, continuous 
information was precluded because it was previously believed that the FBC isolates the 
sensor of the implanted device in a capsule containing fluid that does not mimic the levels of 
analytes (e.g., glucose and oxygen) in the body's vasculature. Similarly, the composition of a 
FBC can prevent stabilization of the implanted device, contributing to motion artifact that 
also renders unreliable results. Thus, conventionally, it has been the practice of those skilled 
in the art to attempt to minimize FBR formation by, for example, using a short-lived needle 
geometry or sensor coatings to minimize the foreign body reaction. 

[0309] In contrast to conventional practice, it has been recognized that FBC 
formation is the dominant event surrounding long-term implantation of any sensor and is 
managed to support rather than hinder or block sensor performance. It has been observed that 
during the early periods following implantation of an analyte-sensing device, particularly a 
glucose sensing device, glucose sensors function well. However, after a few days to two or 
more weeks of implantation, these devices lose their function. See, e.g., U.S. Pat. No. 
5,791,344 and Gross et ah and "Performance Evaluation of the MiniMed Continuous 
Monitoring System During Patient home Use," Diabetes Technology and Therapeutics, 
(2000) 2(l):49-56, which have reported a glucose oxidase sensor (that has been approved for 
use in humans by the Food and Drug Administration) that functioned well for several days 
following implantation but loses function quickly after 3 days. These results suggest that 
there is sufficient vascularization and, therefore, perfusion of oxygen and glucose to support 
the function of an implanted glucose sensor for the first few days following implantation. 
New blood vessel formation is clearly not needed for the function of a glucose oxidase 
mediated electrochemical sensor implanted in the subcutaneous tissue for at least several 
days after implantation. 

[0310] After several days, however, it is believed that this lack of sensor function 
is most likely due to cells, such as polymorphonuclear cells and monocytes that migrate to the 
wound site during the first few days after implantation. These cells consume local glucose 
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and oxygen. If there is an overabundance of such cells, they can deplete the glucose and/or 
oxygen before it is able to reach the sensor enzyme layer, thereby reducing the sensitivity of 
the device or rendering it non- functional. Further inhibition of device function may be due to 
inflammatory response cells (e.g., macrophages) that associate (e.g., overgrow at the 
interface) with the membrane of the device and physically block the transport of glucose into 
the device (i.e., barrier cell layer). 

[0311] Additionally, these inflammatory cells can biodegrade many artificial 
biomaterials (some of which were, until recently, considered nonbiodegradable). When 
activated by a foreign body, tissue macrophages degranulate, releasing hypochlorite (bleach) 
and other oxidative species. Hypochlorite and other oxidative species are known to break 
down a variety of polymers. 

[0312] In order to overcome the problems associated with conventional 
membranes, the preferred embodiments employ biointerface membrane architectures that 
promote vascularization within the membrane and interfere with barrier cell layer formation. 
These embodiments provide a robust membrane that is suitable for long-term implantation 
and long-term analyte transport in vivo. Additionally, the membranes can be used with a 
variety of implantable devices (e.g., analyte measuring devices, particularly glucose 
measuring devices, cell transplantation devices, drug delivery devices, and electrical signal 
delivery and measuring devices). For example, in some embodiments of a glucose- 
monitoring device, the sensor interface, which refers to that region where a biological sample 
contacts (directly or after passage through one or more membranes or layers) an enzyme (e.g., 
glucose oxidase), can include a sensing membrane that has different domains and/or layers 
that can cover and protect an underlying enzyme membrane and the electrodes of an 
implantable analyte-measuring device. 

[0313] In general, the biointerface membranes of the preferred embodiments 
prevent direct contact of the biological fluid sample with the an implanted device and permit 
only selected substances (e.g., analytes) of the fluid to pass therethrough for reaction in the 
immobilized enzyme domain. The biointerface membranes of preferred embodiments are 
robust, biostable, and prevent barrier cell formation. The characteristics of this biointerface 
membrane are now discussed in more detail. 
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Biointerface Membrane 

[0314] The biointerface membrane of the preferred embodiments comprises two 
or more domains. A first domain comprises an architecture, including a cavity size, 
configuration, and overall thickness that encourages vascular tissue ingrowth and disrupts 
barrier cell formation in vivo, and a second domain that comprises a cell impermeable layer 
that is resistant to cellular attachment and has a robust interface that does not suffer from 
disadvantages of the prior art, such as attachment of barrier cells and delamination of the 
domains. 

[0315] Fig. 3A is a cross-sectional schematic view of a membrane 30 in vivo in 
one exemplary embodiment, wherein the membrane comprises a first domain 32 and second 
domain 34. The architecture of the membrane provides a robust long-term implantable 
membrane that allows the transport of analytes through vascularized tissue ingrowth without 
the formation of a barrier cell layer. 

[0316] The first domain 32 comprises a solid portion 36 and a plurality of 
interconnected three-dimensional cavities 38 formed therein. The cavities 38 have sufficient 
size and structure to allow invasive cells, such as fibroblasts 35, fibrous matrix 37, and blood 
vessels 39 to completely enter into the apertures 40 that define the entryway into each cavity 
38, and to pass through the interconnected cavities toward the interface 42 between the first 
and second domain. The cavities comprise an architecture that encourages the ingrowth of 
vascular tissue in vivo as indicated by the blood vessels 39 formed throughout the cavities. 
Because of the vascularization within the cavities, solutes 33 (e.g., oxygen, glucose and other 
analytes) can pass through the first domain with relative ease and/or the diffusion distance 
(i.e., distance that the glucose diffuses) can be reduced. 

[0317] The second domain 34 comprises a cell impermeable layer that is resistant 
to cellular attachment and thus provides another mechanism for resisting barrier cell layer 
formation (indicated in Fig. 3A by less macrophages and/or giant cells at the interface 42 
between the first and second domains). Because the second domain 34 is resistant to cellular 
attachment and barrier cell layer formation, the transport of solutes such as described above 
can also pass through with relative ease without blockage by barrier cells as seen in the prior 
art (Figs. 1 and 2). 
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Architecture of the First Domain 

[0318] The first domain of the membrane includes an architecture that supports 
tissue ingrowth, disrupts contractile forces typically found in a foreign body response, 
encourages vascularity within the membrane, and disrupts the formation of a barrier cell 
layer. The first domain, which can also be referred to as the cell disruptive domain, 
comprises an open-celled configuration that has interconnected cavities and solid portions. 
The distribution of the solid portion and cavities of the first domain includes a substantially 
co-continuous solid domain and includes more than one cavity in three dimensions 
substantially throughout the entirety of the first domain. Cells can enter into the cavities, 
however they cannot travel through or wholly exist within the solid portions. The cavities 
allow most substances to pass through, including, e.g., cells and molecules. 

[0319] Reference is now made to Fig. 3B, which an illustration of the membrane 
of Fig. 3 A, showing contractile forces caused by the fibrous tissue (e.g., from the fibroblasts 
and fibrous matrix) of the FBR. Particularly, the architecture of the first domain, including 
the cavity interconnectivity and multiple-cavity depth, (i.e., two or more cavities in three 
dimensions throughout a substantial portion of the first domain) can affect the tissue 
contracture that typically occurs around a foreign body. 

[0320] It is noted that a contraction of the FBC around the device as a whole 
produces downward forces (not shown) on the device, which can be helpful in reducing 
motion artifacts such as described with reference to copending U.S. Patent Application 

_/_, filed on even date herewith and entitled "OPTIMIZED SENSOR GEOMETRY 

FOR AN IMPLANTABLE GLUCOSE SENSOR," which is incorporated herein in its 
entirety by reference. However, the architecture of the first domain described herein, 
including the interconnected cavities and solid portion, are advantageous because the 
contractile forces caused by the downward tissue contracture that can otherwise cause cells to 
flatten against the device and occlude the transport of analytes, is instead translated to, 
disrupted by, and/or counteracted by the forces 41 that contract around the solid portions 36 
(e.g., throughout the interconnected cavities 38) away from the device. That is, the 
architecture of the solid portions 36 and cavities 38 of the first domain cause contractile 
forces 41 to disperse away from the interface between the first domain 32 and second domain 
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34. Without the organized contracture of fibrous tissue toward the tissue-device interface 
typically found in a FBC, macrophages and foreign body giant cells substantially do not form 
a monolayer of cohesive cells (i.e., barrier cell layer) and therefore the transport of molecules 
across the second domain and/or membrane is substantially not blocked (indicated by free 
transport of analyte 33 through the first and second domains in Fig. 3A). 

[0321] Reference is now made to Figs. 4 and 5 in order to further describe the 
architecture, including configuration and dimensions of solid portions 36 and cavities 38. 
Fig. 4 is a three-dimensional section of the first domain in the embodiment of Figs. 3 A and 
3B, which shows the configuration and dimensions of solid portions and cavities. Fig. 5 is a 
two-dimensional cross-section of the first domain taken at plane 44 in Fig. 4, which also 
shows the configuration and dimensions of solid portions and cavities. 

[0322] Numerous methods have been contemplated for manufacturing the first 
domain in order to create the preferred architecture (e.g., dimensions and overall structure). 
In some embodiments, the first domain can be manufactured by forming particles (e.g., sugar, 
salt, or other natural or synthetic uniform or non-uniform particles) in a mold, wherein the 
particles have shapes and sizes substantially corresponding to the desired cavity dimensions. 
Most often, the particles are made to coalesce to provide the desired interconnectivity 
between the cavities. The desired material for the solid portion can be introduced into the 
mold using methods common in the art of polymer processing, for example injecting, 
pressing, vacuuming, or pouring. After the solid portion material is cured or solidified, the 
coalesced particles are then dissolved, melted, etched, or otherwise removed leaving 
interconnecting cavities within the solid portion. It is noted in such embodiments, that 
sieving can be used to determine the dimensions of the particles (which substantially 
correspond to the dimensions of resulting cavities). In sieving (also known as screening), the 
particles can be added to the sieve and then shaken to produce an "overs" and an "unders." 
The overs are the particles that remain on the screen and the unders are the particles that pass 
through the screen. Although one example of determining particle size has been described, 
other methods known in the art can be utilized, for example air classifiers (e.g., applying 
opposing air flows and centrifugal forces to separate particles down to 2 microns) can be used 
to determine particle size when particles are smaller than 100 microns. 
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[0323] Accordingly, the nominal cavity size of the cavities 38 of the first domain 
can be substantially defined by the particle size used in creating the cavities. It is noted that 
in some embodiments, the particles used to form the cavities can be substantially spherical, 
thus the dimensions below describe a diameter of the particle and/or a diameter of the cavity. 
In some alternative embodiments, the particles used to form the cavities can be non-spherical 
(e.g., rectangular, square, diamond, or other geometric or non-geometric shapes), thus the 
dimensions below describe one dimension (e.g., shortest, average, or longest, for example) of 
the particle and/or cavity. 

[0324] In some embodiments, a variety of different particle sizes can be used in 
the manufacture of the first domain. In some embodiments, the dimensions of the particles 
can be somewhat smaller or larger than the dimensions of the resulting cavities due to 
dissolution or other precipitation that can occurring during the manufacturing process, for 
example. 

[0325] In some embodiments, a substantial number of the cavities are greater than 
or equal to about 90 microns in one dimension; in other embodiments, a substantial number 
of the cavities are greater than or equal to about 160 microns in one dimension, greater than 
or equal to about 220 microns in one dimension, greater than or equal to about 285 microns 
in one dimension, greater than or equal to about 350 microns in one dimension, or greater 
than or equal to about 370 microns in one dimension. 

[0326] In some embodiments, a substantial number of the cavities are less than or 
equal to about 1000 microns in one dimension. In other embodiments, a substantial number 
of the cavities are less than or equal to 500 microns in one dimension. In some embodiments, 
a substantial number of the cavities can be from about 220 to about 370 microns in one 
dimension, from about 220 to about 350 microns in one dimension, and from about 220 to 
about 285 microns in one dimension. 

[0327] In one alternative embodiment, wherein a substantial number of cavities 
are greater than or equal to about 90 microns in one dimension, there can be additional 
cavities that are less than or equal to about 90 microns in their shortest dimension 
interspersed therein. In another alternative embodiment, wherein a substantial number of 
cavities are greater than or equal to about 90 microns in one dimension, cavity dimensions 
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can be gradually increased or decreased progressively through the layer, including some 
cavities that are less than or equal to about 90 dimensions in one dimension. Additionally, in 
further alternative embodiments, an additional layer can be added that comprises a substantial 
number of cavities that are less than about 90 microns in one dimension (e.g., an ePTFE 
layer); in these alternative embodiments, the layer can be disposed above, below, or within 
the first domain of the membrane, for example. 

[0328] Regarding the solid portion(s) of the first domain, a substantial number of 
the shortest dimensions are greater than or equal to about 5 microns and a substantial number 
of the longest dimensions are less than or equal to about 2000 microns in one embodiment. 
In other embodiments, the solid portion is less than or equal to about 10 microns in a 
substantial number of the shortest dimensions and less than or equal to about 1000 microns in 
a substantial number of the longest dimensions. In further embodiments, the solid portion is 
less than or equal to about 10 microns in a substantial number of the shortest dimensions and 
less than or equal to about 400 microns in a substantial number of the longest dimensions. 
However, the solid portion in other embodiments can have larger or smaller dimensions. 

[0329] With regard to the above-described dimensions of the solid portion, the 
preferred structure has been found to provide the mechanical strength and overall structural 
integrity to withstand the natural biological and mechanical stresses that occur long term in 
vivo. It is noted that the optimum dimensions and overall structural integrity of the 
membrane will vary with the parameters of the device that it can support. For example, if the 
membrane is employed with a glucose sensor, the mechanical requirements of the membrane 
will be greater for devices having greater overall weight and surface area as compared to 
those that are relatively smaller. 

[0330] With regard to the depth of cavities, improved vascular tissue ingrowth has 
been shown when the first domain has a thickness that enables a depth of at least two cavities 
throughout a substantial portion thereof. In other words, improved vascularization results at 
least in part from multi-layered interconnectivity of the cavities such as in the preferred 
embodiments, as compared to a surface topography such as seen in the prior art (e.g., wherein 
the first domain has a depth of only one cavity throughout a substantial portion thereof). The 
multi-layered interconnectivity of the cavities enables vascularized tissue to grow into 
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various layers of cavities in a manner that provides mechanical anchoring of the device with 
the surrounding tissue. Such anchoring resists movement that can occur in vivo, which 
results in less sheer stresses and scar tissue formation, for example. Similar to the description 
of the optimum dimensions above, it is noted that the optimum depth (i.e., number) of 
cavities will vary with the parameters of the device that it can support. For example, if the 
membrane is employed with a glucose sensor, the anchoring that can be required of the 
membrane will be greater for devices having greater overall weight and surface area as 
compared to those that are relatively smaller. 

[0331] With regard to the overall thickness of the first domain, the thickness can 
be optimized for decreased time-to-vascularize in vivo, that is, vascular tissue ingrowth can 
occur somewhat faster with a membrane that has a thin first domain as compared to a 
membrane that has a relatively thicker first domain. It is noted that decreased time-to- 
vascularize results in faster stabilization and functionality of the biointerface in vivo. For 
example in a subcutaneous implantable glucose sensor, consistent and increasing 
functionality of the device is at least in part a function of consistent and stable glucose 
transport across the biointerface membrane, which is at least in part a function of the 
vascularization thereof; thus quicker start-up time and/or shortened time lag (e.g., the 
diffusion path of the glucose through the membrane can be reduced) can be accomplished by 
decreasing the thickness of the membrane (i.e., first domain). 

[0332] In some embodiments, thickness of the first domain can be between about 
300 microns and about 2000 microns. In one embodiment, the thickness of the first domain 
is about 800 microns. However, in some alternative embodiments a thinner or thicker cell 
disruptive domain (i.e., first domain) can be desired. 

[0333] It is noted that the above described membrane properties (e.g., dimensions 
of the solid portion and cavities, and overall the thickness) are in contrast to the prior art. For 
example, it was previously believed that substantially smaller pore sizes (e.g., from 0.6 to 20 
microns such as described in the Brauker 6 330 patent) were required for analyte transport to 
occur in vivo. Additionally, greater overall thickness of the biointerface membrane with 
larger pore sizes was seen as a hindrance to analyte transport in the prior art (e.g., Brauker 
'330 patent); thus, it was previously believed that the thickness necessary to support the 
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cavity size and configuration of preferred embodiments would be a barrier to sufficient 
vascularization and analyte transport in vivo. In fact, larger cavity sizes, and accordingly 
large membrane thickness, were believed to be appropriate mostly for tissue anchoring in 
prosthetic devices such as breast implants, which are not concerned with the transport of 
analytes (e.g., Seare, supra), 

[0334] It is noted that although some short-term success was seen in the small 
pore size range of the prior art (e.g., 0.6 to 20 microns), significant problems have been found 
with this pore size long term in vivo due at least in part to a lack of mechanical robustness. In 
contrast to the prior art, the preferred embodiments employ a range of relatively larger cavity 
sizes (e.g., greater than or equal to about 90 microns), which was not previously believed to 
be suitable for soft tissue applications requiring analyte transport. However, the preferred 
embodiments have shown the tissue ingrowth, analyte transport, and mechanical robustness 
in vivo to support long-term implantation for devices that require analyte transport across the 
membrane. 

[0335] In some embodiments, the solid portion can comprise one or more 
materials selected from the group comprising: silicone, polytetrafluoroethylene, polyethylene- 
co-tetrafluoroethylene, polyolefin, polyester, polycarbonate, biostable 
polytetrafluoroethylene, homopolymers, copolymers, terpolymers of polyurethanes, 
polypropylene (PP), polyvinylchloride (PVC), polyvinylidene fluoride (PVDF), polybutylene 
terephthalate (PBT), polymethylmethacrylate (PMMA), polyether ether ketone (PEEK), 
polyurethanes, cellulosic polymers, polysulfones and block copolymers thereof including, for 
example, di-block, tri-block, alternating, random and graft copolymers. In some 
embodiments, the material selected for the first domain is an elastomeric material (e.g., 
silicone), which is able to absorb stresses that can occur in vivo, so that sheer and other 
environmental forces are significantly minimized at the second domain. Additionally, 
elastomeric materials with a memory of the original configuration can withstand greater 
stresses without effecting the configuration, and thus the function of the device. 

[0336] Although one method of manufacturing porous domains is described 
above, a variety of methods known to one of ordinary skill in the art could be employed to 
create the structure of preferred embodiments. For example, Roy (U.S. Patent. No. 
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3,929,971) discloses a method of making a synthetic membrane having a porous 
microstructure made by converting calcium carbonate coral materials to hydroxyapatite while 
at the same time retaining the unique microstructure of the coral material. As another 
example, Pekkarinen et al. (U.S. Patent No. 6,520,997) discloses a photolithographic process 
for creating a porous membrane. 
Architecture of the Second Domain 

[0337] The second (innermost) domain of the membrane is non-adhesive for cells 
and is impermeable to cells, which is in contrast to the membranes of the prior art (e.g., 
Brauker et al {supra)). For example, the cell-impenetrable membrane (of Brauker et al) is 
derived from a membrane known as BIOPORE™, marketed as a cell culture support by 
Millipore (Bedford, MA). In the presence of certain extra cellular matrix molecules, which 
are present in vivo, many cell types are able to strongly adhere to this membrane, making it 
incapable of serving as a non-adhesive domain. Furthermore, since such prior art membranes 
allow adherence of cells to the innermost layer of the membrane, they promote barrier cell 
layer formation that decreases the membrane's ability to transport molecules (e.g., analytes) 
across the device-tissue interface. Moreover, when these cells multiply, they ultimately apply 
pressure between the membrane layers, resulting in delamination and distortion of the layers 
and catastrophic failure of the membrane. 

[0338] Reference is again made to Figs. 3A and 3B, which illustrate the second 
domain of the membrane that is resistant to cellular attachment, impermeable to cells, and 
composed of a biostable material. Because the second domain is resistant to cellular 
attachment (e.g., macrophages are kept a sufficient distance from the enzyme active 
membrane), hypochlorite and other oxidizing species are short-lived chemical species in vivo, 
and biodegradation does not occur; additionally, the materials (e.g., polycarbonate-based 
polyurethanes, silicones, and other such materials described herein) are resistant to the effects 
of these oxidative species and have been termed biodurable. 

[0339] In one embodiment, the second domain is comprised of polyurethane and a 
hydrophilic polymer. In another embodiment, the hydrophilic polymer is 
polyvinylpyrrolidone. In another embodiment, the second domain is polyurethane 
comprising not less than 5 weight percent polyvinylpyrrolidone and not more than 45 weight 
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percent polyvinylpyrrolidone. In another embodiment, the second domain comprises not less 
than 20 weight percent polyvinylpyrrolidone and not more than 35 weight percent 
polyvinylpyrrolidone. In another embodiment the second domain is polyurethane comprising 
about 27-weight percent polyvinylpyrrolidone. In certain embodiments, however, the second 
domain can comprise less than 5 weight percent or more than 45 weight percent 
polyvinylpyrrolidone. 

[0340] In alternative embodiments, the second domain can be formed from 
materials such as copolymers or blends of copolymers with hydrophilic polymers such as 
polyvinylpyrrolidone (PVP), polyhydroxyethyl methacrylate, polyvinylalcohol, polyacrylic 
acid, polyethers such as polyethylene glycol, and block copolymers thereof, including, for 
example, di-block, tri-block, alternating, random and graft copolymers (block copolymers are 
discussed in U.S. Patent Nos. 4,803,243 and 4,686,044). In one embodiment, the second 
domain is comprised of a silicone copolymer including a hydrophilic component, which can 
be formed as a unitary structure with the first domain or a separate structure adhered thereto. 

[0341] The materials preferred for the second domain comprise properties such 
that cells cannot attach to the surface in vitro and in vivo, and that allow many molecules to 
freely diffuse through the membrane. Furthermore, this domain prevents cell entry or contact 
with device elements underlying the membrane and prevents the adherence of cells, thereby 
preventing the formation of a barrier cell layer. Additionally, because of the resistance of the 
materials to barrier cell layer formation, the membrane of the preferred embodiments is 
robust long-term in vivo (e.g., it does not suffer from delamination of the layers as seen in the 
prior art). 

[0342] In some embodiments, the thickness of the cell impermeable biomaterial 
of the second domain (also referred to as a cell impermeable domain) is at least about a few 
microns in thickness. In some embodiments, the thickness of the cell impermeable domain is 
between about 1 micron and about 100 microns. It is noted that in some alternative 
embodiments thicker or thinner cell impermeable domains can be desired. 

[0343] Accordingly, the characteristics of the cell impermeable membrane 
prevent cells from entering the membrane, but permit transport of the analyte of interest or a 
substance indicative of the concentration or presence of the analyte. Additionally the second 
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domain, similar to the first domain, is constructed of biodurable materials {e.g., durable for a 
period of several years in vivo) that are impermeable to host cells {e.g., macrophages) such as 
described above. 

[0344] In embodiments wherein the biointerface membrane is employed in an 
implantable glucose sensor, the biointerface membrane is permeable to oxygen and glucose 
or a substance indicative of the concentration of glucose. In embodiments wherein the 
membrane is employed in a drug delivery device or other device for delivering a substance to 
the body, the cell impermeable membrane is permeable to the drug or other substance 
dispensed from the device. In embodiments wherein the membrane is employed for cell 
transplantation, the membrane is semi-permeable, e.g., impermeable to immune cells and 
soluble factors responsible for rejecting transplanted tissue, but permeable to the ingress of 
glucose and oxygen for the purpose of sustaining the transplanted tissue; additionally, the 
second domain is permeable to the egress of the gene product of interest (e.g., insulin). 
Interface Between Barrier Cell Disruptive Domain and Cell Impermeable Domain 

[0345] The cell disruptive (first) domain and the cell impermeable (second) 
domain can be secured to each other by any suitable method as is known in the art. For 
example, the cell impermeable domain can simply be layered or cast upon the porous cell 
disruptive domain so as to make a mechanical attachment. Alternatively, chemical and/or 
mechanical attachment methods can be suitable for use. In some embodiments, chemical 
attachment methods can include adhesives, glues, and lamination (wherein a thermal bond is 
formed through the application of heat and pressure), and the like. Suitable adhesives are 
those capable of forming a bond with the materials that make up both the barrier cell 
disruptive domain and the cell impermeable domain. In one embodiment, wherein the cell 
disruptive domain and the cell impermeable domain comprise silicone, the materials can be 
designed so that they can be covalently cured to one another. In addition, an appropriate 
material can be designed that can be used for preparing both domains so that the composite is 
made in one step forming a unitary structure. 

[0346] In some embodiments wherein an adhesive is employed, the adhesive can 
comprise a biocompatible material. However, in some embodiments adhesives not generally 
considered to have a high degree of biocompatibility can also be employed. Adhesives with 
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varying degrees of biocompatibility suitable for use can include acrylates (e.g., 
cyanoacrylates), epoxies, methacrylates, polyurethanes, and other polymers, resins, and 
crosslinking agents as are known in the art. 
Porous Silicone Example 

[0347] Fig. 6 is a cross-section of a biointerface membrane 60 in one exemplary 
embodiment. It is noted that the first domain 62 and the second domain 64 of the membrane 
have characteristics such as described with reference to Figs. 3 to 5, above. In this exemplary 
embodiment, the first domain of the membrane comprises silicone as described in more detail 
below. 

[0348] The first domain 62 of the biointerface membrane comprises a silicone co- 
continuous solid domain 66 that contains a plurality of interconnected cavities 68 and has a 
depth of at least two cavities throughout a substantial portion thereof. The three-dimensional 
cavities are interconnected substantially throughout the first domain. Furthermore, the 
cavities 68 and cavity interconnections 69 can be formed in layers having different cavity 
dimensions. Generally, the exemplary porous silicone provides the advantages described 
above with reference to Figs. 3 to 5, additionally porous silicone offers advantages for use in 
biointerface materials, including the mechanical robustness of the material, the ability to 
mold it into various structural architectures, the ability to load lipid-soluble bioactive agents 
into the membrane without a carrier, high oxygen solubility that allows the porous silicone to 
act as an oxygen antenna domain, and the ability to fill the large cavities of the material with 
carrier-coupled bioactive agents (e.g., collagen). 

[0349] In one exemplary embodiment, first domain was formed by mixing 
approximately 1 kg of sugar crystals with approximately 36 grams of water for 3-6 minutes. 
The mixture was then pressed into a mold and baked at 80°C for 2 hours. The silicone was 
vacuumed into the mold for 6 minutes and cured at 80°C for at least 2 hours. The sugar was 
dissolved using heat and deionized water, resulting in a flat sheet, but porous membrane. 
Different architectures were obtained by varying the crystal size (e.g., crystals having an 
average diameter of about 90, 106, 150, 180, and 220 microns) and distribution within the 
mold that the silicone was cast from. After removal of silicone from the mold, the resulting 
membrane was measured for material thickness. 



-48- 



[0350] The cell-impermeable (second) domain was prepared by placing 
approximately 706 gm of dimethylacetamide (DMAC) into a 3L stainless steel bowl to which 
a polycarbonate urethane solution (1325 g, CHRONOFLEX™ AR 25% solids in DMAC and 
a viscosity of 5100 cp) and polyvinylpyrrolidone (125 g, PLASDONE™ K-90D) were added. 
The bowl was then fitted to a planetary mixer with a paddle type blade and the contents were 
stirred for one hour at room temperature. The cell-impermeable domain coating solution was 
then coated onto a PET release liner (Douglas Hansen Co., Inc. (Minneapolis, MN)) using a 
knife over roll set at a 0.012" (305 |im) gap. This film was then dried at 305°F (152°C). The 
final film was approximately 0.0015" (38 jam) thick. The biointerface membrane was 
prepared by pressing the porous silicone onto the cast cell-impermeable domain. 

[0351] Figs. 7 A and 7B are photomicrographs that illustrate a cross-section of 
exemplary porous silicone membranes (formed as described in the example above) that were 
placed on a glucose sensor and implanted such as described in more detail with reference to 
Figs. 9 and 10. After four weeks in vivo, the sensors were explanted and the porous silicone 
membranes were histologically processed and stained with H&E. Fig. 7 A is a 1 OX 
magnification of a porous silicone membrane that has an approximately 90 micron nominal 
cavity size. Fig. 7B is a 1 OX magnification of a porous silicone membrane that has an 
approximately 220 micron nominal cavity size. 

[0352] In the photomicrograph of the membranes of Figs. 7A and 7B, the porous 
silicone 70 is infiltrated with tissue ingrowth 72 in which blood vessels 74 can be seen. 
Additionally, there is no obvious barrier cell layer formation at the device-tissue interface 76. 

[0353] It is noted that observations from the histological slides indicate the 
presence of foreign body giant cells around the cavities of the first domain, which can be 
helpful in inducing vascularity. Furthermore, monolayers of foreign body giant cells can be 
seen formed in the cavities around the solid portions, however these monolayers are distinct 
from barrier cell layer formation because they do not block analytes (e.g., glucose) transport 
across the second domain (or membrane as a whole). In other words, transport of analytes 
can occur through the interconnectedness of the cavities through the first domain, and 
because there is no barrier cell layer formation, transport of analytes can continue through the 
second domain into a device. 
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[0354] Fig. 8 is a graph that shows the results of studying host responses to the 
porous silicone membranes of 90 and 220-micron nominal cavity size, respectively. The host 
response was determined by examining histological slides, such as described with reference 
to Figs. 7A and 7B; that is, each sample membrane was analyzed for host response by 
determining the numbers of close vascular structures per high power field (CVS/HPF) 
comprising at least 50% of host tissue. Particularly, Fig. 8 shows number of blood vessels 
per high powered field (HPF) on the vertical axis and each of the porous silicone portion of 
the membrane having nominal cavity sizes of 90 micron and 220 micron, respectively, on the 
horizontal axis. 

[0355] It is noted that there was no noticeable difference in the cell reaction to the 
implants (i.e., they were all benign) nor was there obvious scar formation at the interface 
between the material and host. Rather, the results showed vasculature of those membranes 
with nominal cavity sizes of 90 microns or greater. These data suggest that porous silicone 
materials with a nominal cavity size greater than or equal to 90 microns provide 
vascularization that is sufficient for analyte transport in certain medical device uses. These 
data further suggest that porous silicone containing membranes with a nominal cavity size 
greater than 220 microns in the first domain can result in even better vascularization in vivo, 
indicated by greater numbers of vessels present within the cavities of the silicone. From 
these results, it can be extrapolated that in some embodiments wherein the porous silicone 
membrane is applied as the biointerface to an implantable glucose sensor, the membrane 
enables sufficient diffusion of both oxygen and other substances {e.g., glucose) to the active 
head of the sensor. 

[0356] It is noted that although one example of a biointerface membrane with 
silicone has been given, a variety of different materials and configurations can be successfully 
used for the first and/or second domains of the biointerface membrane such as described with 
reference to Figs. 3 to 5, above. 
Implantable Glucose Sensor Example 

[0357] Fig. 9A is an exploded view of one exemplary embodiment of an 
implantable glucose sensor 90 that uses a biointerface membrane 94 as described with 
reference to Figs. 3 to 5, above. Fig. 9B is a cross-sectional schematic view of the sensor 
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head and membrane of Fig. 9A showing the electrochemical reaction that takes place within 
the membrane and sensor head. 

[0358] Although the membrane is employed in a particular glucose sensor in this 
example, It is noted that methods and materials of the biointerface membrane of preferred 
embodiments can be used with virtually any monitoring device suitable for implantation (or 
subject to modification allowing implantation). Suitable devices include, but are not limited 
to, analyte measuring devices, cell transplantation devices, drug delivery devices, electrical 
signal delivery and measurement devices, and other devices such as those described in U.S. 
Patent Nos. 4,703,756 and 4,994,167 to Shults et al\ U.S. Patent No. 4,703,756 to Gough et 
aL, U.S. Patent No. 4,431,004 to Bessman et aL, and Bindra et aL, Anal. Chem. 63:1692-96 
(1991). 

[0359] Fig. 9A illustrates an analyte-measuring device 90 that has a biointerface 
membrane 94 of the preferred embodiments and a sensing membrane 98. In this 
embodiment, a body 96 and head 99 house the electrodes (102, 103, 104) and sensor 
electronics that include a circuit board, a microprocessor, a battery, and an antenna (not 
shown). The electrodes 102, 103, 104 are subsequently connected to the circuit board via a 
socket, and will be described in more detail below. 

[0360] Fig. 9B is a cross-sectional cut-away view of the sensor head 99 that 
illustrates electrode-membrane region 100. The electrode-membrane region 100 includes a 
biointerface membrane 94 and a sensing membrane 98 (Fig. 9A), shown collectively as the 
membrane 95 that covers the sensor head 99 (Fig. 9B). Three electrodes extend through the 
head to the surface thereof, including a platinum working electrode 102, a platinum counter 
electrode 103, and a silver/silver chloride reference electrode 104, which can be affixed with 
epoxy or the like. The top ends of the electrodes are in contact with the electrolyte phase 
106, a free- flowing fluid phase disposed between the sensing membrane and the electrodes. 
The sensing membrane 98 (see Fig. 9A) includes an enzyme, e.g., glucose oxidase, which 
covers the electrolyte phase. In turn, the biointerface membrane 94 covers the sensing 
membrane and serves, at least in part, to protect the sensor from external forces that can 
result in environmental stress cracking of the sensing membrane. 
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[0361] Fig. 9B additionally illustrates the amperometric electrochemical sensor 
technology utilized by the sensor in one embodiment. In the case of a glucose oxidase based 
glucose sensor, the species being measured at the working electrode is H2O2. Glucose 
oxidase catalyzes the conversion of oxygen and glucose to hydrogen peroxide and gluconate 
according to the following reaction: 

Glucose + O2 Gluconate + H2O2 

[0362] Because for each glucose molecule metabolized, there is a proportional 
change in the product H2O2, one can monitor the change in H2O2 to determine glucose 
concentration. Oxidation of H2O2 by the working electrode is balanced by reduction of 
ambient oxygen, enzyme generated H2O2, or other reducible species at the counter electrode. 
The counter electrode is provided to balance the current generated by the species being 
measured at the working electrode. It is noted that in vivo glucose concentration can vary 
from about one hundred times or more that of the oxygen concentration in the subcutaneous 
space (see Updike et al., Diabetes Care 5:207-21(1982)). Consequently, oxygen can become 
a limiting reactant in the electrochemical reaction if insufficient oxygen is provided to the 
sensor, resulting in inaccurate measurement of glucose concentration. Consequently in an 
implantable glucose sensor, it is advantageous to maximize the glucose (or other analyte) 
transport across the biointerface, such as described in more detail with reference to the 
biointerface membranes in Figs. 3 to 5, above. 

[0363] In this embodiment, the working electrode (anode) and counter-electrode 
(cathode) require oxygen in different capacities. An enzyme-containing sensing membrane 
that resides above an amperometric electrochemical sensor is typically employed, including 
an immobilized enzyme, i.e., glucose oxidase. Within the enzyme layer above the working 
electrode, oxygen is required for the production of H2O2 from glucose. The H2O2 produced 
from the glucose oxidase reaction further reacts at surface of working electrode and produces 
two electrons. The products of this reaction are two protons (2H + ), two electrons (2e~), and 
one oxygen molecule (0 2 ) (See, e.g., Fraser, D.M. "An Introduction to In vivo Biosensing: 
Progress and problems." In "Biosensors and the Body," D.M. Fraser, ed., 1997, pp. 1-56 
John Wiley and Sons, New York). In theory, the oxygen concentration near the working 
electrode, which is consumed during the glucose oxidase reaction, is replenished by the 
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second reaction at the working electrode. Therefore, the theoretical net consumption of 
oxygen is zero. 

Sensor Functionality of Biointerface Membranes 

[0364] Figs. 10A and 10B are graphs that show the results of an experiment 
wherein the porous silicone membranes such as described with reference to Figs. 6 and 7 
were placed on implantable glucose sensors such as described with reference to Fig. 9, and 
implanted in streptozocin-induced diabetic rats. Particularly, implantable glucose sensors 
with biointerface membranes had nominal cavity sizes of 90 microns (n=4) and 220 microns 
(n=4) respectively, were constructed with the described cavity sizes and implanted into 
subcutaneous tissue of the rats for four weeks. The data of Figs. 10A and 10B represent days 
7, 14, 21, and 28 during glucose tracking studies, which included injecting the rats with 
insulin to modify and monitor the glucose concentration, for the 90-micron and 220-micron 
groups respectively. 

[0365] Fig. 10A shows the average R-values (vertical axis) for each group versus 
time in days (horizontal axis). R-values were obtained by correlating sensor output to the 
externally derived meter values, and performing a least-squares analysis. The average R- 
values indicate successful functionality of glucose sensors within the nominal cavity range of 
90 microns and 220 microns long-term in vivo. The results indicate successful transport of 
glucose and oxygen across the biointerface membrane. The successful transport of those 
solutes can be attributed, at least in part, to the combination of vascularity within the first 
domain of the membrane, resistance to barrier cell formation on the second domain, and the 
robustness of the material, all of which are described in more detail elsewhere herein. It is 
noted that early R-values (e.g., first few weeks) can show lower values due to normal tissue 
ingrowth factors at start-up. It is also noted that variability in animal studies due to normal 
biological variance is known in the art and therefore is a consideration in interpretation of 
animal studies data. 

[0366] Fig. 1 0B is a graph that illustrates average sensor signal strength with 
respect to glucose concentration (i.e., sensitivity) on the vertical axis versus time in days on 
the horizontal axis for the glucose tracking studies. The output can be expressed as the signal 
slope of the linear regression between the blood glucose values (independent value) and the 
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sensor output (dependent value). The 220-micron biointerface sensors advantageously show 
consistent values over 6 pA/mg/dL and the 90-micron biointerface sensors show an expected 
ingrowth period (e.g., indicated by a decreased slope around day 14) and otherwise show 
consistent values over 4 pA/mg/dL. The overall results of this test showed excellent 
sensitivities in vivo. It is noted that these data, particularly the slope value maintained above 
a certain threshold, is an indicator of stability of the biointerface and accuracy of the sensor in 
vivo. 

[0367] Accordingly, host response may be correlated to both function and 
sensitivity. The data suggest, based on the sensor output as evaluated by both R-value and 
slope, that the long-term success of the implantable glucose sensor enabled by the 
incorporation of a biointerface membrane of the preferred embodiments. 

[0368] Fig. 11 is a graph that shows the results of an experiment comparing 
sensor function of a sensor employing a prior art biointerface with a sensor employing a 
membrane of the preferred embodiments. Particularly, the prior art biointerface membrane 
was ePTFE with pore sizes much less than the cavities of the preferred embodiments, e.g., in 
the range of 0.5 to 20 microns. The biointerface membrane of the preferred embodiments 
includes nominal cavity sizes greater than or equal to about 90 microns; however this 
exemplary experiment utilized a porous biointerface membrane with a nominal cavity size of 
about 220 microns. 

[0369] The vertical axis represents sensor function expressed herein as the sensor 
signal strength with respect to glucose concentration (i.e., sensitivity or slope), which reflects 
biointerface integration in vivo. The horizontal axis represents time in weeks. It is noted that 
at the six -week point, the sensor functionality of the sensor with the prior art membrane is 
substantially similar to sensor functionality of the membrane of the preferred embodiments. 
At the 26-week point, the porous silicone biointerface sensor experienced a temporary, slight 
decline in slope, however variability in slope is expected in vivo due to normal biological and 
physiological factors known in the art. Calibration of the sensor provides compensation for 
sensitivity changes, including those sensitivity changes seen in the porous silicone 
biointerface sensor data of Fig. 11. Calibration of sensors is described in more detail in 
copending patent application number / filed August 1, 2003 and entitled, 
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"SYSTEM AND METHODS FOR PROCESSING ANALYTE SENSOR DATA," which is 
incorporated herein by reference in its entirety. In contrast to the porous silicone biointerface 
sensor, the prior art ePTFE biointerface sensor experienced a distinct and continual decline in 
slope after the 26-week point, which resulted in sensitivities below the necessary (e.g., 
functional) threshold and therefore loss of sensor function. 

[0370] The long-term trend of the membrane showed better stability implied by 
the consistency of the slope above the necessary threshold for proper sensor function, which 

indicates successful vasculature of the biointerface membrane without barrier cell layer 

t 

formation, successful analyte transport across the membrane, and mechanical stability of the 
membrane in vivo. Unfortunately, the prior art membrane experienced an eventual decline 
below a necessary threshold for proper sensor function, particularly after week 26. It has 
been observed through these data and histological examination that the ePTFE biointerface 
sensor functionality declines long term in vivo due to cellular invasion and damage to the 
three-dimensional structure of the membrane (e.g., which results in barrier cell layer 
formation); particularly, the fine fibers of the ePTFE material long term in vivo exhibit 
weakness resulting in structural degradation and delamination of the biointerface from the 
adjacent membrane structure and/or sensor as a whole. 

[0371] The above description discloses several methods and materials of the 
disclosed invention. This invention is susceptible to modifications in the methods and 
materials, as well as alterations in the fabrication methods and equipment. Such 
modifications will become apparent to those skilled in the art from a consideration of this 
disclosure or practice of the invention disclosed herein. Consequently, it is not intended that 
this invention be limited to the specific embodiments disclosed herein, but that it cover all 
modifications and alternatives coming within the true scope and spirit of the invention as 
embodied in the attached claims. All patents, applications, and other references cited herein 
are hereby incorporated by reference in their entirety. 
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